LIN-2 and SYD-2 are both active zone proteins thatinteract with UNC-104 on overlapping binding regions. LIN-2 interacts with the motor via its L27 and GUK domains which also interact with the coiled coilsand SAM domains of SYD-2. While the absence of SYD-2 leads to a reduction in axonal motor clustering, the absence of LIN-2 increases clustering. Both LIN-2 and SYD-2 positively regulate the velocity of UNC-104, however, only LIN-2 is able to efficiently elevate the motor's run lengths.
Introduction
Neuronsarehighly polarized cells, eachwith several branched dendrites for signal reception and a long axon for signal conduction and transmission. The axon contains bundled microtubules that are usually uniformly oriented with their plus-ends facing towards the tip (growth cone) and their minus-ends facing towards the soma (cell body) of the neuron.
Kinesinscomprise a large family of microtubule-based motor proteins that move a diverse set of cargos,including synaptic precursors and RNA granulesfrom the minus-ends of microtubules towardstheir plus-ends. In contrast, the retrograde motor cytoplasmic dynein moves cargo (such as recycled synaptic vesicles)from the plus-ends to the minus-ends of microtubules (1, 2) . KIF1A is a neuron-specific molecular motor that belongs to the kinesin-3 family and is UNC-104 in C. elegans. UNC-104 rapidly transports synaptic vesicles and their associated precursors, such as synaptotagmin, synaptophysin, synaptobrevin and RAB-3,in axons (3, 4) . The lack of KIF1A results in lethal mice with obviously retained synaptic vesicles in neuronal cell bodies leading to severe motor-and sensory neuron defects (5) . In C.
Accepted Article characterized KIF1A MBS and identified a potential MBS of UNC-104 ranging from amino acids 604 to 857 (Fig.   1A ).Therefore, we deduced that the GUK domainof LIN-2 may be a binding partner of the MBS ofUNC-104. However, employing yeast two-hybrid assays, we were unable to detect notable interactions between this predicted MBS and the GUK domainof LIN-2 (Fig. 1B, HIS3 panel) . Instead, a partial LBD (Liprin-binding domain, (26, 29) ) that covers amino acids 655-937 (encompassing coiledcoil three, CC3) revealed significant interactions with the GUK domain (Fig. 1B) . As expected, a full length construct of LIN-2 without the GUK domain abolished interactions with the LBD domain alone (Fig.   S2B ). Still, weak interactionswith the MBS domain could be detected on medium stringency HIS3 positiveplates (see Materials and Methods for details)suggestingcomplex interaction schemes based on the known intramolecular folding and scaffolding functions of LIN-2 (LIN-2/LIN-2 interactions) (31) (32) (33) (34) (Fig. S2B , table to the right).Another novel but weak interaction was found between the FHA (+CC2)domain of UNC-104 and the PDZ domain of LIN-2 on HIS3 positive plates, however, that interaction wasjeopardized in a PDZ-SH3-GUK construct (Fig. S2B , PDZ-GUK).The reason for thisabolished interaction might be an intramolecular folding of this construct maskingthe FHA binding site.Surprisingly, various significant interactions (revealed by X-α-Gal positives)were found between the L27 domain of LIN-2 and a broad range of UNC-104 constructs(except, e.g., with the motor-head domain, data not shown) ( Next, we performed whole mount immunostaining,exposing discrete co-localization eventsbetween LIN-2 and UNC-104 in neurons such as CAN and HSN (Fig. 1E) .We further confirmed that apan-neuronal promoter Punc-104 driving exogenous LIN-2::GFP expression displaysequal spatial distribution as endogenous LIN-2 (Fig. 1F) .Furthermore, from the images,discrete sites of colocalization between the motor and LIN-2 throughout the nervous systemcan be seen (Fig. 1F) .
We then investigated the colocalization of UNC-104 and LIN-2 in primary neuronal cell cultures from C. elegans embryos (Fig. 1G) . In both the nerve ring of living worms (Fig. 1H ) and in single cells (Fig. 1G) , the overlapping expression of fluorophoresdid not follow random patterns based on fluorescence intensity correlation quantification analysis (ICQ, see Materials and Methods) (Fig. 1I ). More importantly,we further validated UNC-104 and LIN-2 interactions in BiFC (bimolecular fluorescence complementation) assays, a method used to study protein-protein interactions in living animals.
Here, UNC-104 and LIN-2 are fused to a non-fluorescent YFP (Venus) hybrid ("split YFP", either VN or VC) and fluorescentYFP signals indicate that these two proteins are locatedclose enough (less than 7 nm apart, (35, 36) )forfluorophore complementation with subsequent visible fluorescence.As a positive control, we microinjected an UNC-104/UNC-104 BiFC pair as it has been well described that monomeric UNC-104 needs to dimerize to become functional (Fig. 1J) . As a negative control, we employed an UNC-104::VN/empty::VCBiFC pair. Noticeably, the distribution patterns of BiFC signals revealing UNC-104 and LIN-2 interactions (Fig. 1J-L ) are comparable to those found in our
LIN-2 overexpression reduces axonal UNC-104 clustering
Previously, we reported that UNC-104 clusters along axons in anarrangementthat does not match known en passant synapse patterns,anddemonstrated that those clusters are dynamic structures rather than aggregates of inactive motors (29) . Because theMBS domain of LIN-2appears to share a similar UNC-104 motor-binding motif with theLBD domain of SYD-2 (Fig. 1A) ,and together with the reported scaffolding properties of LIN-2 (16), we hypothesized a UNC-104 cluster regulating function of LIN-2.By investigating the axonal motor cluster pattern of UNC-104 in sublateral neurons oflin-2 mutant worms( Fig. 2A) , we found that LIN-2 acts in an opposite mode compared to SYD-2: While the loss of syd-2(ok217 knockout allele) leads to a loss of UNC-104 clusters (29) ,the loss of lin-2(e1309knockout allele) leads to an increase in cluster size and density throughout all developmental stages (Fig. 2B ,C and G,Suppl. Table 1 ). Further, as expected,the overexpression of LIN-2 strongly reduces this clustering effect (Fig. 2D) . A closer look at the observed neurons revealed that moving UNC-104 particles tend to appear more proximalto the initial axonal region (IAR) as opposed to further distal axonalregions (DAR) (Fig. 2E ,F andH, Suppl. Table 2 ).Moreover, UNC-104 clusters are larger in lin-2knockout mutants compared to wild typeanimals (Fig. 2H) . Since an increase in stationary motors along axons might indicate reduced motor moving properties, we thoroughly investigated the motility properties of UNC-104 in lin-2 mutants.
LIN-2 positively affects UNC-104 run length and anterograde speeds
To track UNC-104 motors in the nervous system of living C. elegans animals, we tagged the motor at its C-terminal tail with mRFP, a fluorophore that has been reported to stay monomeric in the cytosol with less aggregation propensities compared to GFP (37) . For our observations, we employed the two lengthy mechanosensoryneurons ALM (anteriorly located) and PLM (posteriorly located) ( Fig. 2A) ,which allowed us to characterizelong transport ranges. Furthermore, we display data separatelyfrom twolarge stretches in these neurons (DAR, distal axonal region, and IAR, initial axonal region).
The quantified data ( Fig. 3 and Suppl. Table 3 )reveal similaritiesof lin-2knockout on the motility of UNC-104 in different neurons and regions: the motor's velocity is significantly reduced in both directions when monitored in the PLMneuron or the DAR of the ALM neuron (although the effect of lin-2knockout on the retrograde velocity is less prominent in the ALM).Interestingly, when monitoring the IAR of the ALM neuron in wildtype animals, motor speeds are significantly higher in retrograde directions compared to anterograde directions,although both speeds are significantly diminished in the lin-2 mutant background (similar to our observations in the DAR of the ALM neuron and the IAR of the PLM neuron) (Fig. 3G-J) .
Here, we also observed sturdiertrafficking in general with more reversals in the IAR region as opposed to the DAR region (Fig.3A-F and Suppl. Video S1). These data clearly show promotedshort-range transport duties of UNC-104 in the proximal axonal regions while in more distal regions the motoris more prone to long-range transport duties.
Besides the motor's speed, its run length is also largely affected in lin-2 mutants (refer to Further,lin-2knockout leads to a negative net run length in different regionsand also between different types of neurons (Fig. 3K) . Figure 3L summarizes the percentages of moving directions (calculated differently from net run length values, Fig.S3 ), demonstrating the severe effect of lin-2knockout on the motor'sindividualtransport parameters.
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Lin-2 mutations cause synaptic vesicle retention in the soma of neurons Since lin-2 mutantsnegatively affect the transport characteristics of UNC-104, a visible effect of cargo retention in the soma of neurons is likely to occur. Indeed, our analysis reveals thatknockout of both lin-2 as well as syd-2 leads to visible synaptic vesicle (labeled using SNB-1::mRFP) retention in cell bodies (Fig. 4A) . Vesicles traveled shorter distanceson average ( Fig.4B ; distances measured from axon hillocks to distal areas) and reduced vesicle density is obvious along axons (Fig. 4C) . It is likely that the severe vesicle retention leads to the commonly observed phenotypes in lin-2 mutant worms, such as vulvaless, hatchbags and sluggish movements (12) . We also analyzed the motility behavior of SNB-1 cargo (in the IAR of ALM neurons) and found that moving patterns of SNB-1 cargo largely resembles that of UNC-104 alone (compare Fig. 4D-F with Fig. 3 J-L) . We then investigated the effect of two other alleles,n105 (a small 22 a deletion at the C-terminal end) and n397 (a large deletion leading to nearly undetectable LIN-2 protein, Fig. S1B ) on UNC-104 motility (Fig.S4) . While the n105 allele does not significantly affect the motor's motility, the effect of the n397 allele on UNC-104's motility is comparable to that of the e1309 allele, indicatingthat the small C-terminal deletion in LIN-2 caused by the n105 allele has no effect on UNC-104 moving schemes. Taken together, these results reveal that LIN-2 is a positive regulator of both UNC-104 motor and its cargo SNB-1.
In vitro and in vivo assays reveal direct interactions between LIN-2 and SYD-2
Because the LBD domain of UNC-104 (which interacts with SYD-2) largely overlaps with the MBS domain (which interacts with LIN-2), we hypothesized a functional role of both proteins on motor regulation. To develop a detailed model, we addressed whether SYD-2 is capable of directly interacting with LIN-2. Indeed, from our yeast two-hybrid assays, it wasobvious that theL27 and GUK domains of LIN-2 are critical for the interaction with SYD-2 ( Further, in co-immunoprecipitation assays, LIN-2 was detected in a GFP-pulled downfraction from worms expressing GFP::SYD-2 and SYD-2 was detected in a pull down of UNC-104::GFP (using anti-GFP antibodies) (Fig. 5C ). Moreover, LIN-2 and SYD-2 also colocalize both in primary neuronal cell cultures ( 
LIN-2 and SYD-2 both activate UNC-104 with LIN-2 being the more prominent effector
We then set out to understand whether or not LIN-2 and SYD-2 affect UNC-104 motility in a synergistic context. Here, we designed strains that overexpress LIN-2 in syd-2 mutant backgrounds (lin-2 oex;syd-2(ok217)), and, vice versa,that overexpress SYD-2 in lin-2 mutant backgrounds (syd-2 oex;lin-2(e1309)), as well as syd-2lin-2 double mutants (syd-2(ok217)lin-2 CRISPR). As a result, overexpression of both LIN-2 and SYD-2 in wild type animals does not affect the motor's speed,and theobserved negative effect on UNC-104's velocity in syd-2 knockout worms cannot be rescued by LIN-2 overexpression (Fig. 6A ). More obvious effects can be seen for the motor's run length ( Fig. 6B ): In wild type animals only LIN-2 is able to boost the motor's run lengths, while SYD-2 overexpression does not lead to any significant changes in motor run lengths. Interestingly, the positive effect on the motor's run lengths by overexpressing LIN-2 is even more pronounced in ok217mutants, leading to the assumptionthat in syd-2 knockouts freed binding sites on the motor can be occupied by LIN-2.Another appealing result is that in syd-2lin-2double mutants velocity reduction is more pronounced as opposed to single mutants( 
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Discussion
The bidirectional transport of cargos along microtubules guarantees normal neuronal functionsincluding polarization, elongation and neuronal plasticity, as well as brain wiring and higher brain functions. Mutations in molecular motors and their adaptors, which lead to dysfunction of the neuronal transport system, have been frequently related to neurodegenerative diseases (3, 38, 39) . Indeed, in the long, thin and crowded axons,the motor-based transport of various membranous vesicles must be well-regulated to successfully drag the cargos forlong ranges through the viscous axoplasm.
Erroneous and disturbed transport may lead to the accumulation of cargos as seen in pathological neurons, e.g., tau and APP cargo in Alzheimer's disease, neurofilaments in ALS and α-synuclein in Parkinson's disease (1) .Despite the increasingnumber of reports on the putative roles of motor proteins in neurodegenerative diseases, there is still little understanding of how those motors are specifically regulated. Current models of motor regulation include (besides others):
(a) the deactivation of motors via intramolecular folding which can be released upon cargo-binding, (b) the cargo itself or specific adaptors activate or deactivate motors, (c) tug-of-war events (opposing motors bound to the same cargo pulling in different directions) regulate cargo destination, (d) the phosphorylation of motors act as regulatory signals, (e) the post-translational modification of microtubules as well as MAPs affect motor distribution and activity, (f) the microtubule orientation in axons determines motor directionality, and (g) specific receptors recruit molecular motors to vesicular surfaces and activate them (2, 40, 41) . The focus of this study was how two adaptor proteinsin conjunction regulate one of the most important axonal motors, kinesin-3 UNC-104(KIF1A).
Interaction scheme of a proposed LIN-2/SYD-2/UNC-104complex
In a previous study, we demonstrated that the active zone protein SYD-2(Liprin-α) activates UNC-104 in C. elegansneurons (29) and recently speculate about the binding of another active zone protein LIN-2 on a similar and overlapping binding region. Our hypothesis isderived from a previous study on a kinesin-like protein GAKIN that had a MAGUK-binding site (MBS) (22) . Indeed, yeast two-hybrid experiments in this study identified a tight interaction between the GUK domainof LIN-2 and an area around the putative MBS domain of UNC-104(named "partial LBD") encompassing the motor third coiledcoil (CC3) (Fig. 1A and B) . This interaction might result in a facilitated dimerization of the motor, thus resulting in increased activation (42) . Besides this tight interaction, the GUK domain also interacts weakly with the PH domain of the motor. Furthermore, the PDZ domain of LIN-2 was shown to weakly interact with the FHA domain of the motor (Fig. 1A and   B, Fig. S2B ).Because the latter interactionswere rather weak,as assessed by yeast two-hybrid assays, we thereforeconfirmed the importance of both the PH and FHA domain using complementary co-immunoprecipitationexperiments. As a result, worms expressing UNC-104 with either a deleted PH or FHA domain bind less LIN-2 ( Fig. 1C and D) . Note that because of multiple interactions sites between LIN-2 and UNC-104, deleting one single domain in UNC-104 may still result in visible LIN-2 signals (Fig. 1C) , as LIN-2 is able to interact with the motor via other interaction sites (Fig. S2B) . From our yeast two-hybrid studies, it is obvious that the L27 domain of LIN-2 plays a crucial role on the interaction with UNC-104 (Fig. 1B) . L27 domains are composed of triple α-helices and mainly function to mediate LIN-2/LIN-7 interactions (43) . Interestingly, the dendritic motor KIF17 (kinesin-2 family) binds directly to the PDZ1 domain of LIN-10 and is reported to transport a CASK-LIN7-LIN10-NMDAR complex to synapses (3) . From this finding by others and together with our findings from this study, we may develop the intriguinghypothesis that UNC-104 might directly interact with this complex (via LIN-2) leading to a transport system that is able to fast switch between axonal (UNC-104) and dendritic(KIF17) transport (the KIF17 homolog in C. elegansis OSM-3).
We further demonstrate that SYD-2 also interacts with LIN-2 via the GUK domain, however, not the PDZ domain (Fig. Accepted Article 5B and S2C).Note that similar interaction schemes have been reported for Liprins and MAGUK(CASK) proteins (44), while the major difference in our study is that we additionally identified the SAM domains of SYD-2to be crucial for the interaction with C. elegans LIN-2 (via GUK and L27-L27, Fig. 5B and S2C ).One major difference between nematode and mammalian SAM domains is that theSAM domains in C. eleganslack the Trp981 insertion sequence (45, 46) . Thus, one might assume a putative role of this insertion in inhibiting interactions between mammalian SAM and GUK domains.Besides, the Trp981 insertion is essential for Liprinsto interact with the CaMK domains of CASK proteins in mammals (46) , which might explain theundetectable interactions between the CaMK and SAM domainsin our experiments (Fig. 5B and S2C ).
Our findings derived from in vitro assays were strengthened by observingsignificantcolocalizations between UNC-104 and LIN-2 ( Fig. 1E-I) , and LIN-2 and SYD-2 ( Fig. 5D-F 1J-L and5G-I).It has been reported that interaction partners need to be at least withina range 7 nm from each other for complementation to occur (35, 36) .
Antagonistic effects of LIN-2 and SYD-2 on the regulation of UNC-104 motor clustering
Our previous findings demonstrated that the lack of SYD-2 leads to the abolishment of UNC-104 clusters in axons,and that instead,motors are steered to the terminal endings of neurons in worms (29) . Here, we demonstrate that the lack of LIN-2 leads to increased numbersand enlarged sizes of UNC-104 clusters,most prominently at early larval stages and in adult worms ( Fig. 2 and Suppl. Tables2). Consistent with this finding, the overexpression of LIN-2 significantly reduces UNC-104 clusters, and the motors seemed to be steered to and accumulate in enlarged terminal endings of sublateral axons where they colocalize with LIN-2 (Fig. 2D) .These results point out a unique antagonistic regulation pattern of UNC-104 en passantclusteringregulated via both SYD-2 and LIN-2. We speculate that the importance of these proteins in clustering UNC-104 along axons lies in their scaffolding functions since dimerization and oligomerization properties have been reported for both proteins, SYD-2 (25, 46) and LIN-2(47). We further deduce that motor cluster act as "stations" along the lengthy C. elegans axons (up to 0.5 mm) toexchange inactive motors foractive motors on paused cargos. This assumption is in accordance with a recent study demonstratingthat AZ (active zone) assembly proteins promote STV (synaptic-vesicle protein transport vesicles) aggregation during axonal transport (48) .
To summarize, the reduced motor activity in lin-2 mutants (Fig. 3 and 6 ) concomitantly leads to increasednumbers of stationary (immobilized) motors (Fig. 2) that likely cluster along regions with increased SYD-2 expression (29). Lack of LIN-2 also leads to freed binding sites on the motor further facilitating the binding of the scaffolding protein SYD-2 (Fig. 7A) .
A further consequence of the inactivated UNC-104 motors in thelin-2mutants is that synaptic vesicles are retained in the soma of the neurons (Fig. 4A-C) . Importantly, analyzing the motility of synaptic vesicles alone (Fig. 4D ) reveals a similar reduction in velocities and run-length in lin-2 knockouts as compared to UNC-104 alone (Fig. 6) . Therefore, the observed regulatory effect of LIN-2 can be applied to both the motor and the cargo.
lin-2 and syd-2 act to synergistically facilitate UNC-104 motility
Both lin-2 and syd-2 knockouts each negatively affect the motility of UNC-104, while in double mutants this effect is even more pronounced pointing to a synergistic effect of these motor regulators (Fig. 6A) . Interestingly, only LIN-2 overexpression (but not SYD-2 overexpression) is able to elevate the motor's run lengths in wild type animals (Fig. 6B ).
This boost is even more prominent in syd-2 knockout mutants (resulting in run length above 10 µm) likely based on freed binding sites (due to lacking SYD-2) on the motor that can be occupied by LIN-2. Also note that the pronounced
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anterograde run length of UNC-104 in worms overexpressing LIN-2 leads to 20% more motor particles moving in anterograde directions (Fig. 6C , compare wt with lin-2 oex;syd-2(ok217)). Run length improvements (from approximately 3 to 10 µm) have been recently reported for KIF1A after artificial dimerization(49),strongly supporting a role for LIN-2 in facilitating UNC-104 dimerization via binding to its third coiled coil (CC3, Fig. 1A-D and S2B) . Note that the fluctuations in net run lengths are generally larger compared to velocity fluctuations (seeerror bars in Figs.6A and B) . Indeed, the motor's run length is affected by a variety of parameters,including microtubule-binding proteins, dynamic binding and unbinding of opposing motors (leading to tug-of-war events) as well as the abrupt termination of microtubules (50) .Because both LIN-2 and SYD-2 positively affect the motor's velocity, but only LIN-2 is able to significantly boosts UNC-104's run lengths, we conclude that LIN-2 is a more robust effector of UNC-104.
Interestingly, the lack of LIN-2 and SYD-2 leads to pronounced retrograde speeds and run lengths (Fig. 6A and B, lin-2(e1309) and syd-2(ok217)) leading to the intriguing assumption that also dynein (and dynactin) is involved in this regulatory complex. This notion opens up important future studies that implement the dissection of a multiple protein complex consisting of GRIP, Liprin, CASK, LIS and MAP in regulating bidirectional cargo transport powered by kinesins and cytoplasmic dynein (Fig. 7B ).
Materials and Methods
C. elegansstrains and plasmids
Worms were maintained at 20°C on NGM agar plates seeded with OP50 E. coli according to standard methods (51 
Real-time PCR
To evaluate lin-2a and lin-2bRNA levels (Suppl. 
Yeast two-hybrid assays
For yeast two-hybrid experiments, we employed the "Matchmaker GAL4 Two-Hybrid System 3" from Clontech (Invitrogen).
Yeast transformation was performed according to the manufacturer's protocol. In short, transformed cells were first plated on low-stringency selection medium (-LT) to identify double transformants. Cells grown on -LT agar plates were either immediately replica plated onto -HALT agar plates (high stringency), or first on -HLT (deficient of adenine) plates (medium stringency) and then were replica plated onto -HALT agar plates (high stringency). Cells that grew on high stringent selection plates were also tested for X-α-Gal reaction. Based on the manufacturer's protocol, protein interactions can be regarded as strong if cells grew on -HALT plates (HIS3 positive) plates, and as very strong if additionally positive for X-α-Gal. Weaker (though still regarded as significant) interactions can be detected if cells grew on -HLT plates but not on Accepted Article -HALT plates. Therefore, cells that were positive for both -HALT and X-α-Gal were scoredas "+++", those that grew on -HALT plates, but were not positive for X-α-Gal, were scoredas "++", and those that grew only on -HLT plates, but not on -HALT plates, were scoredas "+". We use lamin ("lam") as negative and SV40 large T-antigen ("Large-T") as positive controls.
Co-immunoprecipitation assays
To extract proteins from worms, we preparedlysates from young adults (72 h) based on a previously described protocol (55) .
One mg protein extract was used for immunoprecipitationwith eithermouse anti-GFP antibody (B-2 #sc-9996, Santa Cruz), goat N-terminal anti-LIN-2antibody (cN-19 #sc-9221, Santa Cruz) or goat N-terminal anti-SYD-2antibody (cL-19 #sc-15655, Santa Cruz). Worm lysates were treated with 4 µg anti-GFP antibody and were detected by Western blotting with a 1:500 dilution of the anti-LIN-2 or anti-SYD-2 antibody (primary antibodies dilutions based on the manufacturer's suggestion).
Band density analysis was done using NIH ImageJ 1.50 software based on a method published by Schneider et al. (56) .
Immunohistochemistry
Whole mount staining was carried out based on the "tube fixation method" developed by Duerr (57) . In short, worms were fixed with 4% formaldehyde and were repeatedly frozen and thawed to crack open the epidermis. After the addition of β-mercaptoethanol and collagenase solution, worms were treated with 0.5% Triton X-100, and incubated overnight at 4°C.
For staining, we added a goat anti-LIN-2 antibody (cN-19 #sc-9221, Santa Cruz) at a 1:200 dilution, and incubated it overnight at 4°C. The secondary antibody used was DyLight 488-conjugated donkey anti-goat antibody at a 1:1000 dilution (#GTX76697, Genetex), and was incubated overnight at 4°C.
Motor motility analysis and colocalization analysis
For microscopic observations, worms were immobilized on 2% agarose-coated cover slides, and no anesthetics (such as, e.g., levamisole) were used that could alter motor motility (58) . We employed an Olympus IX81 microscope with a DSU Nipkow spinning disk unit connected to an AndoriXon DV897 EMCCD camera for high-resolution and high-speed time-lapse imaging at 4-5 frames per second. To convert recorded time-lapse sequences into kymographs, we used the imaging analysis software NIH ImageJ 1.50software (NIH, http://rsb.info.nih.gov/ij/). The "straighten plugin" was used to straighten curved axons, and after drawing a line over the axon, the plugin "reslice stack function" was executed to generate kymographs. In kymographs, static particles appear as vertical lines whereas the slope of a moving particle corresponds to the velocity of the particle (Fig. S3) . A pause is defined if motors move less than 0.07 μm/s, whereas each calculated velocity does not contain any pausing event. On average, we analyzed approximately 600 moving events per experiment from 15 to 25 different worms. A moving event is defined as a single motility occurrence typically right after a pause or a reversal, and an event ends when the motor again pauses or reverses (see Fig. S3 for details) .Motor cluster analysis was carried out using ImageJ's"area" tool and the "particleanalyze" plugin. Analysis of colocalization was achieved using the ImageJ plugin "Colocalization_Indices". Here, regions of interest were analyzed by the intensity correlation quotient (ICQ). The ICQ ranges from -0.5 to 0.5 and values close to 0.5 stand for dependent expression of two fluorophores, values close to -0.5 stand for segregated expression, and values around 0 imply random expression.
In addition to the observation of colocalization events in living C. elegans animals, we also observed colocalization in cultures of primary neurons from C. elegans embryos. The method for cell isolation is based on the protocols by Christensen et al. (59) and Strange et al.(60) . Isolated neurons are maintained in Leibowitz's L-15 medium with 10% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml neomycin and 100 μg/ml streptomycin. Nematode cells can be stored at 22°C Accepted Article without the need of adjusting the CO2 atmosphere.
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